Oscillating wind with a period P induce variability with the following characteristics in the upper few hundred meters of the equatorial zone (5øN to 5øS) of the ocean. (1) P < 10 days: these winds fluctuate too rapidly to generate strong currents and excite primarily waves. (2) 10 days < P < 50 days: At these periods the winds generate intense equatorial jets in the upper 50 m, but at greater depths the variability has a small amplitude. Nonlinear eastward jets are more intense, are narrower, and are deeper than the corresponding westward jets so that winds with a zero mean value give rise to a mean eastward surface current. If the wind is always westward, then its fluctuating component intensifies the eastward equatorial undercurrent maintained by the mean winds. The surface flow is eastward and convergent when winds that are always westward go through a weak phase. (3) 50 days < P < 150 days: An eastward pressure force exists sufficiently long to generate an intense eastward equatorial undercurrent. Variability has a large amplitude in the surface layers and in the thermocline. Eastward phase propagation associated with Kelvin waves is prominent in the upper ocean because the nonlinear currents impede the Rossby waves.
INTRODUCTION Variability in the equatorial oceans is primarily atmospherically forced. (Instabilities of the mean currents seem to be important at a period of 1 month only and do not contribute sig-
nificantly to variability at other periods [Philander, 1980] ). Up to now, studies of motion induced by the atmosphere have focused on the oceanic response to sudden changes in the intensity of the winds. Figure 1 for example shows the evolution of equilibrium conditions along the equator after the sudden onset of westward winds in a nonlinear numerical model.
From studies such as this one it emerges that the following time scales are important in the adjustment of the upper ocean (above a depth of a few hundred meters) in the equatorial zone (5øN to 5øS).
One week. The sudden onset of zonal winds at first causes the surface layers of the ocean to accelerate in the direction of the wind. Motion is most intense near the equator where a jet with a half width of 200 km forms after 1 week [Yoshida, 1959] . This length scale is the radius of deformation 3`; the time scale is the inertial period at a distance 3, from the equator.
One month. The next phase in the adjustment of the ocean is associated with wave fronts, excited initially at the coasts, that propagate across the basin. In the tropics the vertical structure Of the waves principally responsible for the adjustment of the upper ocean corresponds to a mode trapped in and above the strong shallow thermocline because of internal reflection there [Philander and Pacanowski, 1980] . This mode has an equivalent depth of approximately 25 cm. Near the equator, the Kelvin wave front with this vertical structure propagates most rapidly' across the basin and establishes, within 1 month, basin-wide zonal density gradients. The associated pressure forces generate an undercurrent, with a direction opposite to that of the wind, in the equatorial thermocline. (Figure 1 shows the generation of an eastward equatorial undercurrent in the wake of a Kelvin wave front.) This paper is not subject to U.S. copyright. Published in 1981 by the American Geophysical Union. 150 days. The adjustment of the equatorial zone is essentially complete after the eastward propagation of the Kelvin wave and the westward propagation of the gravest equatorially trapped Rossby wave front across the basin--after about 150 days in the case of a 5000 km wide basin [Cane, 
19791.
The results described above suggest the following response to oscillatory winds with a period P. We shall associate a period P with a time scale P/2 approximately. The dispersion diagram from which we infer which waves can be excited at different periods is the one that corresponds to an equivalent depth h -25 cm. This is the equivalent depth of the earlier mentioned thermocline-trapped mode primarily responsible for the adjustment of the upper ocean. 1. P ( 10 days. The fluctuations are too rapid for equatorial jets to be generated. The divergence of the wind-driven motion in the surface layers excites waves, including equatorially trapped inertia-gravity waves. 2. 10 days ( P ( 50 days. In this frequency range the winds generate intense equatorial jets in the surface layers of the ocean. Superimposed on the jets are propagating waves, primarily Kelvin waves.
3. 50 days • P • 300 days. At thes, e periods, basin-wide pressure forces could persist for a sufficient length of time to generate intense undercurrents. Hence, variability will have a large amplitude, at least to the depth of the thermocline. Westward phase propagation may be evident because Rossby waves are excited (in addition to Kelvin waves).
4. P ( 300 days. If the period of the forcing exceeds the adjustment time of the (5000 km wide) ocean, then the response is an equilibrium one. The wind changes so gradually that the ocean is always in an adjusted state and at each moment is in equilibrium with the wind at that moment. There is no explicit wave propagation, and the response is in phase with the winds. An example of such an equilibrium response is the seasonal change in the slope of the equatorial thermocline in the western Atlantic Ocean; it varies in phase with the seasonally changing wind stress. [Kate et al., 1977] .
This discussion of motion induced by periodic forcing is [Philander, 1979b; McPhadden and Knox, 1979] . In the case of periodic winds, on the other hand, the importance of the gravest equatorially trapped Rossby wave depends on the period of the forcing: At a period less than 30 days, no Rossby waves are excited; at periods between 1 and 2 months, the gravest equatorially trapped R0ssby wave is the only one that can be excited, and as the period increases, more and more Rossby modes are possible. With increasing period, the importance of the gravest equatorially trapped mode decreases while that of the higher latitudinal modes increases. The latter waves travel so slowly that mean currents are likely to affect them seriously. This possibility casts doubt on our earlier description of the response to forcing at periods longer than 50 days when Rossby waves are important. In this paper we describe the response of a nonlinear, stratified numerical model to periodic forcing. One of our principal results is that mean currents do indeed impede Rossby wave trains significantly. This result is best appreciated by contrasting the solutions given by the nonlinear stratified model, with the solutions given by. the shallow water equations which are incapable of simulating mean currents. Section 2 of this paper therefore concerns the shallow water equations. Section 3 is a description of the nonlinear stratified model. Sections 4 and 5 describe the response to oscillatory winds with a zero mean value and a mean value of-0.5 dynes/cm:, respectively. The effect of spatially varying winds is explored in section 6.
Currents in the upper ocean are either directly wind driven or are due to large-scale pressure gradients maintained by the wind. The deep ocean, below the thermocline, is not directly affected by the wind but is indirectly affected when the divergence of the nonlinear currents in the upper ocean causes the downward radiation of waves into the deep ocean. The deep equatorial currents are discussed in section 7. Section 8 summarizes the principal results of this paper.
SOLUTIONS FOR THE SHALLOW WATER EQUATIONS
Consider the response of a model described by the linear shallow water equations when the oscillatory zonal wind Stress ff acts as a body force:
•' --7o sin (2•tt/P)
The (equivalent) depth of the model is taken to be 25 cm which is appropriate for the modes primarily responsible for the adjustment of the upper ocean. We obtained solutions numerically, for a basin 5000 km wide for a number of different values of P in (1). The response consists of two parts: directly wind-driven based on results for a sudden intensification of the wind, but currents (which is the forced part of the solution) plus free we have disregarded an important difference between the re-waves excited at the coasts to satisfy boundary conditions sponse to an abrupt intensification of the wind and the re-there. We confine our attention to periods sutticiently long for sponse to oscillatory winds. Whereas periodic forcing will ex-inertia-gravity waves to be unimportant. cite continuous wave trains, the sudden onset of winds will At periods less than 50 days, Kelvin waves excited at the generate discontinuous wave fronts with a longitude (x) and western coast are far more important than Rossby waves extime (0 dependence of the form f(x -cO where f is a step cited at the eastern coast. The zonal velocity component can 
SPATIALLY UNIFORM WINDS WITH A ZERO MEAN

VALUE
This section describes the response of the nonlinear stratified model to sinusoidally varying winds. We keep the amplitude of the winds fixed at 0.5 dynes/cm 2 and study the response as a function of period.
As the period of the forcing increases, the amplitude of the response increases too. At first--at periods between 10 and 50 days---large velocity fluctuations are confined to the surface layers near the equator where the wind-driven jets are very intense. At periods longer than 50 days, the amplitude of variability in the thermocline also starts to grow because undercurrents are generated. At periods longer than approximately 150 days, the amplitude of the variability of the upper ocean does not increase significantly with increasing period. From a statistical point of view these results say that forcing with a white frequency spectrum will in the upper equatorial ocean generate motion with a spectrum that is red up to periods of about 150 days and is white at longer periods. Figures 7a and 7d) . Zonal density gradients are large when the wind is intense and small when the wind is weak. Temperature fluctuations are very small near the western coast and increase in an eastward direction. In the equatorial plane the depth of a given isotherm is almost fixed at the western coast which is a pivotal point for the vertical fluctuations of the isotherm. It follows that heat is not redistributed zonally along the equator during one cycle. Rather, heat is redistributed latitudinally. When the wind is intense, isotherms trough markedly near 4 ø latitude where heat is temporarily stored. When the winds relax, this heat flows back to the equator.
Whereas the linear theory (section 2) shows pronounced westward phase propagation at periods longer than 50 days, the nonlinear response of the upper ocean is characterized by eastward phase propagation. The mean currents have a severe effect on the Rossby waves but not on the Kelvin wave. Since the Kelvin wave emanates from the western coast, we expect longitudinal differences in the oceanic response. This is indeed so at periods between 50 and 150 days. In summary, fluctuations with a large amplitude are confreed to the upper 50 m or so at periods less than 50 days. At periods longer than 50 days, variability of the equatorial undercurrent in the thermocline can be as large as that of surface currents. Longitudinal differences exist at periods between 50 and 150 days with the western part of the basin closer to an equilibrium state than the eastern part, but at periods longer than 150 days, longitudinal differences are small and the approach to an equilibrium response is gradual.
EFFECTS OF SPATIALLY VARYING WINDS
Let us suppose that in a closed ocean basin there is forcing over a band of longitudes in the center of the basin only. Currents similar to those described earlier are generated in the forced region where zonal density gradients are large. ,F ---0.5H(x)(1 + sin (2,rt/P))
where H(X)= 0.5[tanh x-1600 km x-3200)1 120 km -tanh 120 km' Figure 12 shows that at a period of 200 days, motion in the forced region is very similar to motion owing to winds with no spatial structure (see section 5 and Figure 7) . West of the forced region where westward phase propagation is evident, motion is due to Rossby waves generated at the boundaries of the forced region plus Kelvin waves generated by reflection at the western coast. Temperature fluctuations west of the forced region are insignificant. In the eastern part of the basin, motion is due to (nonsinusoidal) Kelvin wave trains excited at the extremes of the forced region plus Rossby waves due to reflections at the eastern coast. Eastward phase propagation is nonetheless evident in the eastern unforced region even at periods of 200 and 300 days (Figure 13) . With increasing period, the phase lag between changes in the east and the fluctuating winds over the forced area graudally decreases.
As is in the case of spatially uniform winds (section 5), heat is not redistributed zonally in the equatorial plane during a cycle. When the winds are intense and the heat content everywhere along the equator is small, then heat is stored in the neighborhood of 4 ø latitude where the isotherms trough. This storage is only at the meridians where the wind blows. When the winds relax, the heat returns to the equator, including the meridians east of the forced region.
There is remarkably little difference between the response at a period of 200 days and the response at a period of 300 days, except for a slight decrease in the phase lag between the forcing and the response. The approach to an equilibrium response is a very gradual one. 
SUMMARY AND DISCUSSION
The amplitude of variability in the upper equatorial ocean increases as the period of the fluctuating surface winds increases, up to a period of about 150 days. The following frequency ranges characterize the response to zonal winds with a period P. The limits of the different frequency bands are approximate. P < 10 days. These winds fluctuate too rapidly to generate intense currents and excite primarily waves, including equatorially trapped inertia-gravity waves. 10 days < P < 50 days. At these periods, intense equatorial jets are generated in the surface layers (i.e., the upper 50 m) of the ocean; however, at greater depths, variability has a small amplitude. The nonlinear eastward jets are more intense, narrower, and deeper than westward jets so that winds with a zero mean value give rise to a mean eastward current. If the winds are always westward, then their fluctuating component intensifies and eastward equatorial undercurrent maintained in the thermocline by the mean winds. In the surface layers above the undercurrent, there is convergent eastindependent of frequency if the intensity of the wind stress remains unchanged. With increasing period, the phase lag between forcing and response decreases gradually. Eastward phase propagation of the fluctuations persist. In the equilibrium response, which is approached asymptotically as the period increases, currents are weak, and zonal density gradients are small when the wind is weak. A gradual intensification of 50 days < P < 150 days. At periods greater than 50 days, the fluctuating zonal pressure force is eastward for a sufficient length of time to generate an intense equatorial undercurrent. Variability therefore has a large amplitude in the surface layers and in the thermocline. The upper ocean currents affect Rossby waves so severely that fluctuations in and above the range that extends from 50 to 150 days for a 5000 km basin will extend from 50 days to a period longer than 150 days for a larger basin. For a basin 10,000 km wide a reasonable estimate for this frequency range is 50-300 days. At these periods, fluctuations at the depth of the undercurrent are large and have pronounced longitudinal variations. At periods longer than 300 days, the approach to an equilibrium state is almost thermocline show only eastward phase propagation, typical of longitudinally uniform in a 10,000 km basin. [1977] find. When the winds are weak, the thermocline is almost horizontal; when the winds are intense, upwelling is strong and zonal density gradients along the equator are large. In the model the pivotal point about which isotherms oscillate in the equatorial plane is the western extreme of the forced region (see Figure 12) . Hence, heat storage along the equator is at a minimum when the wind is intense. This result is at variance with observations which show that heat storage is at a maximum when the wind is intense [Merle, 1980] . It appears that in the cean (but not in the model) there is a mechanism that counters the wind-induced upwelling and that suppresses the thermocline in the western Atlantic when the wind is intense. One mechanism that will act in this manner is a mixing process which depends on the intensity of the wind. In the model we assume tht the coefficients of eddy viscosity and diffusivity are constants. This could be the reason why the model does not simulate the absolute depth of an istherm correctly, although it does simulate the slope of an isotherm realistically.
Seasonal variability in the equatorial Pacific Ocean is unfortunately too poorly known to provide a further test for the model. The reason for this is the considerable interannual variability in that ocean: According to Wyrtki [1975, Figure 4 ], the surface winds over the equatorial zone had practically no periodic seasonal cycle between 1954 and 1961, but between 1961 and 1968 the annual cycle was very strong at meridians west of 180øW. Because the oceanic response in nonlinear, a study of the seasonal cycle must focus on those periods during which the annual cycle has a large amplitude (1961 to 1968, for example). Meyers [1979] did not isolate such periods so that the monthly mean conditions he calculates on the basis of all the available historical data may not describe an observable seasonal cycle. Tsuchiya [1979] recently analyzed seven hydrographic sections, but that data set is insufficient for a description of the seasonal cycle.
Simultaneous time series of oceanographic variables and surface winds are required to check our results concerning the oceanic response in different frequency ranges. Of particular value will be a study of the seasonal cycle, especially in the Atlantic Ocean where it is regular and has a large amplitude. A data set that describes this seasonal cycle will permit rigorous tests for different parameterizations of mixing processes which seem to affect the oceanic response critically.
Velocity fluctuations in the deep equatorial oceans are observed to have two distinctive features: They have smaller vertical scales and, at periods longer than a day approximately, have higher energy levels than fluctuations poleward of a few degrees latitude [see Luyten and Swallow, 1976 ] The results of section 7 suggest that these deep currents correspond to linear vertically propagating waves generated by the divergence of the nonlinear wind-driven currents in the upper ocean. The equatorial zone is distinct because equatorially trapped waves are possible at all frequencies, but extraequatorial waves are not possible in a frequency band immediately below the inertial frequency. If this explanation is correct, then the deep equatorial currents should be distinctive only in a finite frequency band which probably extends from a period of about 1 week to a period of approximately 6 months [Philander, 1979c] . At lower (or higher) frequencies, latitudinally propagating Rossby (or inertia-gravity) waves, which are not confined to the immediate vicinity of the equator, become prominent so that the equator is no longer distinctive. In section 7 we show that at a period of 200 days the latitudinally propagating waves are so important that the equatorial zone is disfinefive only at certain meridians where focusing occurs. At this stage there are no measurements to determine to what extent these results are correct (but see Eriksen [1980] ). The possibility that the velocity fluctuations in the deep equatorial oceans correspond not merely to waves, but to mean currents generated by waves--see Holton [1975] for a discussion of this topic•an therefore not be ruled out.
